Using wetlands as sink of nutrients, phosphorus in particular, is becoming an increasingly attractive alternative t o conventional wastewater treatment technology. In this paper, we brie y review the mechanism of phosphorus retention in wetlands, as well as previous modeling e orts. A B a yesian method is then proposed for estimating the long-term phosphorus accretion rate in wetlands through a piecewise linear model of out ow phosphorus concentration and phosphorus mass loading rate. The Bayesian approach w as used for its simplicity in computation and its ability to accurately represent uncertainty. Applied to an Everglades wetland, the Bayesian method not only produced the probability distribution of the long-term phosphorus accretion rate, but also generated a relationship of acceptable level of risk" and optimal phosphorus mass loading rate for the proposed constructed wetlands in south Florida. The latter is a useful representation of uncertainty which i s o f i n terest to decision makers.
Introduction
The potential of using natural and constructed wetlands for removal of pollutants, particularly nutrients, from nonpoint sources motivatied many studies in the mechanism controlling phosphorus retention in wetlands Godfrey, et al., 1985; Hammer 1989; Richardson 1985; Howard-Williams 1985; Richardson and Craft 1993; Richardson, Qian, Craft, and Qualls, 1997 . Several mechanisms appear to bea ecting nutrient trapping by wetlands, among the most important being the physical settling of contaminants.
Reckhow and Qian 1994 developed a nonparametric regression model for predicting the out ow phosphorus concentration as a function of phosphorus mass loading rate and other parameters such as water depth of the wetland. In their study, a piecewise linear relationship between the out ow phosphorus concentration and the input mass loading rate was discovered. This piecewise linear relationship describes the relationship between the out ow phosphorus concentration and the phosphorus mass loading rate by using two jointed straight lines see Figure 1 . These two lines joint at the so called changepoint"; to the left of the changepoint, the line is at slope equals to 0, and to the right is a line with a positive slope. Intuitively, this model can be interpreted as follows: when the loading rate is less than the changepoint, the out ow concentration does not change as a function of the loading rate; however, when the loading rate is larger than the changepoint, the out ow phosphorus concentration increases linearly as the loading rate increases both in logarithm scale. This relationship re ects the mechanism of phosphorus accumulation in wetlands. All natural or constructed wetlands have a capacity for assimilating added phosphorus, mainly stored in the sediments or peat soil. When the rate of phosphorus input is less than this assimilating capacity, all the added phosphorus eventually will be stored in the wetland; as a consequence, there will be no signi cant c hanges in water column phosphorus concentration. However, when the loading rate of phosphorus is larger than the assimilating capacity, the excess phosphorus that can not be stored in the sediment will remain in the water column, resulting in increased phosphorus concentration Richardson, Qian, and Qualls, 1997 . It is obvious that the changepoint of the piecewise linear model re ects the long-term phosphorus assimilating capacity, or accretion rate. A w etland's assimilating capacity, as de ned in Richardson, Qian, and Qualls 1997 , is the maximum phosphorus application rate one can impose on the receiving wetland without causing signi cant c hanges in its ecological structure and function.
The piecewise relationship was developed from a cross-sectional data set; therefore it represents a collective behavior of many w etlands. However, the location of the changepoint may v ary for di erent w etlands; therefore, when the prediction of out ow phosphorus concentration of a speci c wetland is of interest, parameters of this piecewise relationship need to be estimated speci cally. The objective of this paper is to present a B a yesian method for estimating the parameters of the piecewise linear model. This work includes a formal parameterization of the piecewise linear model, and development of the parameter estimation procedure under a Bayesian framework.
In this paper, we include a brief review of the mechanisms controlling phosphorus retention in wetlands and wetland water quality modeling, the parameterization of the piecewise linear model and the Bayesian method for parameter estimation of the model. The model is applied to an Everglades wetland. We conclude the paper with a discussion on the use of the Bayesian approach for estimating phosphorus retention in wetlands.
Previous Work on Nutrient Trapping in Wetlands
The use of wetlands to treat wastewater, especially to assimilate the nutrients phosphorus and nitrogen, has been discussed for some time Richardson et al., 1976; Tilton et al., 1976; Tourbier and Pierson 1976; Kadlec and Tilton 1979 . Earlier studies outlined the mechanisms controlling nitrogen Gambrell and Patrick, 1978and phosphorus Richardson and Marshall, 1986 retention capacity i n w etlands. For example, Richardson 1985 noted that long-term phosphorus retention capacity can vary greatly among wetlands because of the di erence in chemical and physical characteristics of wetland soils. In addition, Richardson also discussed the importance of distinguishing the initial high phosphorus retention rate from the lower long-term phosphorus accumulation rate, especially when freshwater wetlands are used to treat wastewater.
The conceptual model presented in Richardson and Craft 1993 summarizes phosphorus retention processes in wetlands. The model is based on the concept that phosphorus storage compartments have an operational capacity that is analogous to reservoirs of varying sizes. To retain as much phosphorus as possible, while maintaining a near-background phosphorus concentration in the e uent, the input rates should be limited to the long-term storage capacity, which i s c o n trolled by peat or soil accretion. Research to date would suggest that permanent storage of phosphorus is below 1.0 g m ,2 yr ,1 and usually averaged around 0.5 g m ,2 yr ,1 Nichols, 1983 , Richardson, 1985 , Richardson and Marshall, 1986 , Richardson, Qian, Craft, and Qualls, 1997 .
The rst order loss model is a common way of mathematically expressing a loss or trapping rate in simulation modeling. For example, Kadlec and Hammer 1985 used a mass balance equation to predict the distance and or time for the removal of a dissolved substance with a rst order loss assumption for wetlands. Howard-Williams 1985 summarized the studies on the loss rate coe cient, and he noted that this coe cient is negatively related to the ratio of the available pool of nutrients over the carrying capacity of the wetland. In other words, the loss coe cient is a function of the in ow concentration and will decrease with time. Therefore, a constant rate coe cient estimated in the early years of wastewater application may overestimate the long-term carrying capacity of a wetland. Even if the rate coe cient can beconsidered as a constant, in order to estimate the rate coe cient, one must beable to describe the hydraulics of wetlands, which can beproven to bequite challenging. If the ow pattern of a w etland is not correctly described, the estimated rate coe cient m a y be biased Because of the di culty in modeling the hydraulics of wetlands, using statistical models for predicting phosphorus retention in wetlands is a good practical alternative. For this purpose, Reckhow and Qian 1994 developed a nonparametric regression model from a cross-sectional data set. The model describes the relationship of out ow phosphorus concentration and the phosphorus mass loading rate of a wetland by using a piecewise linear function. This piecewise linear model, as described in the previous section, is a mathematical representation of the Richardson and Craft conceptual model. In Qian, et al. 1995 and Qian 1995 , the piecewise linear model was used as a priori model, and nonparametric Bayesian regression models were developed for an Everglades wetland. These nonparametric models indicated that the piecewise linear relationship holds for the Everglades. However, since the models were not designed for estimating the long-term phosphorus accumulation rate, the design criteria of a constructed wetland phosphorus mass loading rate is selected based on a pre-determined water quality standard. In this paper, we attempt to use the long-term phosphorus accretion rate as the basis for determining the design criteria of the constructed wetlands in south Florida. As presented in Qian 1995, a nonparametric method may not be the most e cient w ay to estimate the changepoint, because of the high level of uncertainty and limited number of observations. A parametric approach is less exible, but more powerful. Therefore, we utilize the parametric approach in this paper to update the work of Qian 1995 and Qian 1994. where y i is the log-transformed out ow total phosphorus concentration, x i is the logtransformed total phosphorus mass loading rate; 1 , 2 , 1 , and 2 are the parameters de ning the two straight lines that meet at the changepoint, , " 1 and " 2 are the error terms of the model, and we assume " 1 N0; 2 1 and " 2 N0; 2 2 see Figure 1 . A slightly di erent formulation of the model can be found in Stephens 1994. Since the line to the left of the changepoint is expected to be at 1 = 0, 1 represents the expected out ow phosphorus concentration in logarithm when the loading rate is less than the changepoint, or a wetland's background phosphorus concentration. 2 is the increase of the out ow concentration per unit increase of the mass loading rate. A large value of 2 may indicate a wetland with limited dilution capacity, or a shallow and small wetland system. The changepoint, , represents the long-term phosphorus accretion rate in logarithm as discussed previously. Since the two lines must meet at x i = , the model should satisfy the continuity constrain:
Therefore, six free parameters are needed to specify this piecewise linear model. To simplify notation, we use to represent these parameters: = f 1 ; 1 ; 2 ; ; 2 1 ; 2 2 g. where n 1 is the number of observations covering the line to the left of the changepoint i.e., satisfying x i , and n 2 is the number of observations covering the line to the right of the changepoint Figure 1 . The parameters 1 , 1 , and 2 are unconstrained, 2 1 and 2 2 are constrained to non-negative values, and is constrained to lie inside the range of observed data. As de nes the ranges of the summation of the exponent sums of squares in expression 2, it is possible that the likelihood function is not continuous. Therefore, a maximum likelihood approach with numerical approximation may not beappropriate, if not impossible Stephens, 1994 . However, if we use a Bayesian approach, that means we treat all six parameters as random variables and estimate their probability distributions in this case, marginal probability distributions of all six parameters, the computational di culties can be avoided by using the Gibbs sampler and Smith and Roberts, 1993 2 w e h a ve: The posterior conditional distribution of is not of any standard form. However, random variates of can begenerated using the rejection method Devroye, 1986 , provided that the prior of is easy to sample from. See Stephens 1994 for details.
4 The Water Conservation Area 2A: a test of the model The method presented above is applied to Water Conservation Area 2A WCA2A of the Everglades in south Florida Figure 2 . WCA2A is the subject of many wetland studies e.g., SFWMD, 1992; Richardson, et al., 1995 , since it is a part of the historical Everglades and has been receiving phosphorus-enriched agriculture runo since the early 1970's. Phosphorus in agriculture runo is considered the primary cause of many ecological changes in northern Everglades. To protect the Everglades from further deteriorating, the South Florida Water Management District SFWMD has proposed to establish a series of constructed wetlands between the Everglades Agriculture Area and three water conservation areas. One of many objectives of these Everglades studies is to provide scienti c basis on how to determine the size of the proposed constructed wetlands.
The water quality and hydraulics data of WCA2A used in this study were obtained from the SFWMD. A description of the study area and data can be found in Reckhow and Qian 1994 . In this study, the unit of phosphorus mass loading rate was converted from kg month to g m ,2 yr ,1 , using the estimated area size of the portion of WCA2A that is a ected by agriculture runo in Qian 1997.
The Long-Term Phosphorus Accretion Rate of WCA2A
The Bayesian parameter estimation method discussed in section 3 was applied to the WCA2A data set, to estimate the long-term phosphorus accretion rate of WCA2A. The rst step of parameter estimation is to de ne the prior distributions of the parameters of the piecewise linear model. As we discussed in previous sections, the parameter 1 may b e represent the background level of phosphorus concentration WCA2A; therefore, the prior distribution of 1 can be estimated using the samples from area that is not enriched in phosphorus by agriculture runo e.g., WCA2B and WCA3, see Figure 2 . The prior mean of 1 is 0, and a small variance should beused to re ect our con dence on the piecewise linear model. The prior mean of 2 is estimated from the piecewise linear function tted to the North American Database NADB in Reckhow and Qian 1994 , and a large variance is given to re ect our lack of information on this parameter. The NADB data indicate that 2 1 is smaller than 2 2 ; h o wever, there is no prior information on these two parameters, therefore, the priors of 2 1 and 2 2 are speci ed such that they have a large variability. The changepoint, , resembles the long-term phosphorus accretion rate; therefore, prior information on can be obtained from many studies about phosphorus retention in wetlands. In developing the conceptual model of phosphorus accretion in wetlands, Richardson and Craft 1993 summarized many such studies, and they conclude that the long-term phosphorus accretion rate is less than 1 g m ,2 yr ,1 for most acidic freshwater wetlands. In another recent study, Richardson, et al. 1997 summarized studies of the long-term accretion in the Everglades, and they conclude that the average rate is around 0.4 g m ,2 yr ,1 . Based on these studies, two di erent prior distributions were assessed, to help us understand the e ects of prior distributions on the posterior, since the long-term accretion rate is the primary focus of this study. One is a uniform distribution and the other is a truncated normal distribution. These prior distributions are summarized in Table 1 .
Once the prior distributions of the parameters are de ned, the marginal posterior distributions are estimated using the Gibbs sampler procedure described in section 3. The posterior distributions of model parameters are estimated based on 5000 Gibbs samples from their marginal posterior distributions. The numberof initial warm-up" runs were chosen to be 500,000, and one set of samples of parameters were then taken in every 100 iterations to avoid serial correlation. The distributions of the six parameters of the piecewise linear model are shown in Figures 3a to 3f, and Table 2 shows selected quantiles of these distributions.
The mode and the mean of the marginal posterior distribution of 1 are very close to 0, which further elaborated the mechanism hypothesized in the conceptual model. With 1 being close to 0, 1 can be treated as the background phosphorus concentration long-term mean. The distribution of 1 is slightly higher than eld measurements of total phosphorus concentration in WCA2B and other unenriched areas. Since WCA2A has received agriculture runo for over 20 years, it is reasonable to see a slightly elevated e uent phosphorus concentration. The posterior distribution of 2 in Figure 3d indicates that the value of 2 is positive, which also provides evidence supporting the conceptual model proposed in section 2. It is noted that the two error variances, 2 1 and 2 2 , h a ve di erent posterior distributions. The spread of the distribution of 2 1 is notably smaller than that of 2 2 ; this di erence in variance is re ected in the NADB data Figure 4 . It is also because the WCA2A data set has a limited number of data points with loading rate higher than 1 g m ,2 yr ,1 .
The marginal posterior distribution of the changepoint, , as shown in Figure 3f , is a skewed distribution with a mode close to 1 g m ,2 yr ,1 . Using the two di erent prior distributions of , w e obtained similar posterior distribution. The posterior distribution of shown in Figure 3f was generated using the truncated normal prior distribution. According to its distribution, is more likely to be larger than 1 g m ,2 yr ,1 . This seems to contradict our conceptual model, which states that the long-term phosphorus accretion rate is less than 1 g m ,2 yr ,1 . This contradiction is most likely due to the fact that there are only very limited number of data points with loading rate larger than 1. With few data points, the estimated variance 2 2 is large, therefore, it is easy to accept a large value of than a small one when generating random variates from its conditional posterior distribution.
On the other hand, this posterior probability distribution of quanti es the uncertainty we have on the value of the long-term phosphorus accretion rate. Using this quantitative information, we can make relevant decisions in a more scienti c manner. For example, the distribution of can be used to determine an appropriate phosphorus mass loading rate for the proposed constructed wetland in south Florida. To maintain the e ectiveness of the constructed wetland, one must provide large enough surface area, such that the system would not beoverloaded frequently areal phosphorus mass loading rate less than the long-term phosphorus accretion rate. The risk of overloading a system under a certain loading rate level can be assessed by using the posterior distribution of . That is, nd the quantile or the cumulative density of the proposed loading rate level under the posterior distribution of . In Walker 1995, the proposed constructed wetlands for south Florida will have a loading rate of about 1.3 g m ,2 yr ,1 , which is associated with a risk of 0.75 or we expect to have the system overloaded 75 of the time. Alternatively, we can use the distribution of to determine the loading rate level under certain acceptable levels of risk. Figure 5 presents the risk probability of system overload as a function of phosphorus mass loading rate, which can beincorporated into the decision making process. Suppose it is determined that a risk of 0.2 20 chance of system overload is acceptable, the suggested phosphorus mass loading rate should be less than 0.9 g m ,2 yr ,1 , and if the acceptable risk is 0.1, the loading rate should beabout 0.7 g m ,2 yr ,1 . The problem is now a decision making one, rather than a scienti c research problem.
Discussion and Conclusion
We presented a Bayesian method for estimating the long-term phosphorus accretion rate in wetlands, and applied it to WCA2A data to help decide the appropriate phosphorus mass loading rate for the proposed constructed wetlands in the Everglades. The piecewise relationship of phosphorus concentration and phosphorus mass loading rate was established based on both ecological theories of phosphorus retention in wetlands and empirically tted statistical models from a cross-sectional data set Richardson and Craft, 1993 , Reckhow and Qian, 1994 . This relationship was parameterized into a model with six free parameters, which include the long-term phosphorus accretion rate. Using data from WCA2A, parameters of the model were estimated to determine the long-term phosphorus accretion rate of the Everglades, and consequently to provide information on the optimal design phosphorus mass loading rate of the proposed constructed wetlands. Using a Bayesian approach, we are able to describe uncertainty in the estimated model parameters precisely through their posterior probability distributions. Because of the estimated long-term phosphorus accretion rate is presented in terms of probability distribution, we are able to link the risk" probability o f o verloading a constructed wetland to the phosphorus mass loading rate. This suggests that the size of the proposed constructed wetlands should be selected not only based on the knowledge of wetland ecology, but also on the knowledge of acceptable levels of risk to decision makers and the society. Using ecological knowledge and data from WCA2A, this paper provided a relationship between the acceptable risk and the optimal design phosphorus mass loading rate of the constructed wetland. To reduce the risk, one may c hoose to use a smaller loading rate or a larger wetland area; however, this will increase the cost of the constructed wetlands. A decision on the design loading rate should be made after careful consideration of the risk and the cost of reducing the risk.
There are many reasons for us to opt for a statistical modeling approach instead of a mechanistic one. The rst reason is that the WCA2A data were not collected for the mechanistic model development; therefore, it is di cult to use them for parameter estimation and model calibration. Second, since our intention is to provide decision support for the proposed constructed wetlands in the northern Everglades, it is important t o quantify prediction uncertainty; statistical models serve this purpose well. The use of a Bayesian approach is due not only to its computational simplicity and philosophical soundness, but also to our belief that a decision should be made after thoroughly considering all available information relevant to the problem at hand. In our case, the design phosphorus mass loading rate for the proposed constructed wetlands should not beselected only based on the data from WCA2A. The proposed constructed wetland will besimilar to WCA2A in many ways, and information from WCA2A is most relevant. However, there will bedifferences between the constructed wetland and WCA2A, especially in soil chemistry and water ow characteristics. By using a Bayesian approach, it is possible to combine the general knowledge theory or previous experience of phosphorus retention in wetlands and site-speci c data in a consistent manner. This combination of theory and site-speci c data provides a framework for step-by-step learning, which is not available from mechanistic and traditional statistical modeling approach. Using a Bayesian approach, uncertainty are presented by both prior and posterior distributions of parameters of interest. Compared to the conventional representation of uncertainty e.g., standard error, con dence intervals, we feel that using posterior distribution enhanced our ability to precisely describe uncertainty e.g., Figure 3f . The risk-loading relationship shown in Figure 5 was obtained using data from WCA2A. As we noted earlier, there will bedi erences between the proposed constructed wetlands and WCA2A. Therefore, Figure 5 should be used as a preliminary estimate of the response of the constructed wetlands in south Florida, and to provide preliminary design criteria and potential risk. The small scale experimental constructed wetland recently built SFWMD, 1992; Walker, 1995 should be studied to verify all models. When there are more data from the experimental constructed wetland, results from this study can be treated as a priori information, and the subsequent posterior distribution of the long-term phosphorus accretion rate should beused to estimate and update the risk-loading relationship. This updating process provides a practical way of learning that can help to reduce uncertainty in decision-making for many e n vironmental management problems. 
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